T and B lymphocytes recognize and eliminate pathogens by expressing diverse cell-surface antigen receptors that are generated through the assembly of variable (V), diversity (D), and joining (J) gene segments at antigen receptor loci (1, 2). This process, known as "V(D)J recombination," is mediated by the recombination-activating gene-1 (RAG-1) and RAG-2 proteins and requires interactions between widely separated gene segments. However, the mechanisms that direct long-distance DNA contacts at antigen receptor loci are not well understood. T lymphocytes express either an αβ T-cell receptor (TCR) encoded by rearranged Tcra and Tcrb genes or a γδ TCR encoded by rearranged Tcrg and Tcrd genes. Notably, the rearrangement of Tcra and Tcrd gene segments is differentially regulated, even though the two sets of gene segments are contained within a single genetic locus (the Tcra/ Tcrd locus). Here, we showed that a CCCTCbinding factor (CTCF) cooperates with the Tcra enhancer (E α ) to facilitate long-distance interactions and to orchestrate the formation of a developmental stage-specific chromatin hub at the Tcra/Tcrd locus. This chromatin hub supports the synapsis of Tcra gene segments and Tcra gene recombination.
Notably, the rearrangement of Tcra and Tcrd gene segments is differentially regulated, even though the two sets of gene segments are contained within a single genetic locus (the Tcra/ Tcrd locus). Here, we showed that a CCCTCbinding factor (CTCF) cooperates with the Tcra enhancer (E α ) to facilitate long-distance interactions and to orchestrate the formation of a developmental stage-specific chromatin hub at the Tcra/Tcrd locus. This chromatin hub supports the synapsis of Tcra gene segments and Tcra gene recombination.
Conformational changes of antigen receptor loci support V(D)J recombination events because they bring distant gene segments into proximity and therefore may increase the probability of recombination signal sequence (RSS) synapsis (1, 2) . We previously used 3D-FISH to document that the 3′ end of the Tcra/Tcrd locus displays a relatively compact, or contracted, conformation in CD4 + CD8 + double-positive (DP) thymocytes, whereas the 5′ end displays a more extended configuration (3). Here, we used the chromosome conformation capture technique to assay for molecular interactions between widely separated gene segments within the contracted region. We found that E α , a critical DP-stage-specific regulator of V α and J α segment transcription and recombination, interacts directly with V α and J α segments that are scattered across 400 kb of DNA within the contracted 3′ portion of the Tcra/Tcrd locus. We also detected long-distance interactions between V α and J α segments and showed that these interactions were lost in the DP thymocytes of E α −/− mice. Hence, E α not only regulates V α and J α gene segments through direct pairwise interactions but also tethers them together to form a multicomponent chromatin hub (Fig. P1) . We propose that this chromatin hub functions to approximate V α and J α RSSs and support initial V α -to-J α rearrangement in DP thymocytes. Because the 3′ contracted conformation of the Tcra/Tcrd locus is maintained in DP thymocytes of E α −/− mice, we conclude that 3′ contraction and E α -dependent DNA contacts represent two distinct levels of organization, and we suggest that 3′ contraction may set the stage for direct DNA contacts mediated by E α .
Because CTCF has been implicated in long-distance DNA interactions, we asked whether CTCF contributes to the formation of this DP thymocyte-specific chromatin hub. We analyzed CTCF binding by ChIP sequencing and found that it binds to many regulatory elements within the Tcra/Tcrd locus, including the V α and J α promoters and E α . We then tested the significance of this binding by analyzing mice conditionally deficient for CTCF expression in DP thymocytes. Loss of CTCF caused a reduction in V α -to-J α recombination and a dysregulation of long-distance DNA contacts. Interactions between E α and J α segments, between E α and some V α segments, and between some V α segments and J α segments were decreased. However, interactions between E α and Tcrd gene segments, which are situated between V α and J α segments, were increased (Fig. P1) , as was Tcrd gene transcription and recombination in DP thymocytes. Notably, these Tcrd gene segments do not possess nearby CTCF-binding sites. We conclude that CTCF specifies the preferred targets of E α but is not required for E α interactions. In the absence of CTCF, there is poor discrimination between physiological V α and J α targets (which tend to have CTCF sites) and Tcrd gene targets (which do not).
Our analysis indicates that E α and CTCF cooperate to stimulate Tcra gene recombination and that they do so, at least in part, by promoting interactions of distant recombination substrates. CTCF appears to function by specifying E α targets. . An E α -and CTCF-dependent chromatin hub within the contracted 3′ portion of the Tcra/Tcrd locus. In WT DP thymocytes, E α (red) and CTCF (yellow) cooperate to nucleate interactions (thick lines) among V (blue) promoters and the TEAp within the contracted region. E α -deleted alleles remain contracted, but long-distance DNA contacts that compose the hub are disrupted. In CTCF-deficient DP thymocytes, E α interactions with some V and J α (green) segments are reduced (thin lines), whereas interactions with D δ (purple) and J δ (pink) segments are increased (thin lines), leading to reduced Tcra rearrangement but increased Tcrd rearrangement in DP thymocytes.
